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Net MgZ+ efflux from M&+-loaded human, rat and chicken erythrocytes was measured in sucrose, NaCl and choline 
Cl medium. Thus, Na+-dependent (NaCl minus choline Cl) and Na+-independent Mg+ efflux (in sucrose) were deter- 
mined. Na+-dependent M$+ efflux amounted to 0.16,8.9 and 1.57 mmol/l cells x 30 min, Na+-independent M&+ efflux 
amounted to 0.89, 1.55 and 0.37 mmol/l cells x 30 min for human, rat and chicken erythrocytes. Na+-dependent MgZf 
efflux was inhibited by quinidine. Na+-independent Mgt+ efflux was inhibited by SITS and Cl-. A small fraction of Na+- 
independent M$+ efflux (in choline Cl) was resistant o SITS and Cl-. Car+ loading increased M&+ efflux similar to 
K+ efflux (Gardos effect). This effect was differently expressed in human and chicken erythrocytes. 
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1. INTRODUCTION 
In experiments with Mg2+-loaded chicken 
erythrocytes, we found net Mg2+ efflux to be 
dependent on [Na+lo, probably operating via 
Na+/Mg2+ antiport [l-3]. Besides this 
Na+-dependent Mg2+ efflux, there was a small 
Na+-independent Mg2+ efflux, operating in 
sucrose [2]. 
Contrary to chicken erythrocytes, in Mg’+- 
loaded human erythrocytes, a high Mg2+ efflux 
that was independent of [Na+lo, was operating in 
sucrose in combination with net Cl- efflux for 
charge compensation [4]. Simultaneously with this 
high net Mg2+ efflux, a high net K+ efflux [4] was 
perceptible. Net Cl- efflux was increased by 
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[Ca’+]i [5,6]. Enhancement of [Ca2’]i also increas- 
ed net K+ efflux, the so-called Gardos effect [7]. 
For further characterization of net Mg2+ efflux 
in various types of erythrocytes we investigated the 
effect of increased [Ca2’]i and various inhibitors 
on the net efflux of Mg2+ and K+ from human, rat 
and chicken erythrocytes incubated in sucrose, 
NaCl and choline Cl medium. 
2. MATERIALS AND METHODS 
The experiments were performed with human erythrocytes 
(from one donor, J.V.), rat erythrocytes and chicken 
erythrocytes. Blood was taken with a heparinized syringe and 
centrifuged at 1000 x g for 10 min. The plasma and buffy coat 
were aspirated and the red cells were washed twice with 150 mM 
KCl. 
The cells were loaded with Mg2+ by incubating a 10% cell 
suspension for 30 min at 37°C in KC1 medium (140 mM KCl, 
12 mM MgClr, 50 mM sucrose, 5 mM glucose, 30 mM Hepes- 
Tris, pH 7.4) with the addition of 6/tM A23187 dissolved in 
dimethyl sulfoxide. For removal of the ionophore the cells were 
incubated four times in KC1 medium plus 1% bovine serum 
albumin for 10 min at 37°C. The KC1 medium was removed by 
washing the cells twice with cold (4°C) sucrose medium 
(350 mM sucrose, 5 mM glucose, 30 mM Hepes-Tris, pH 7.4). 
For additional oading the cells with Ca”, CaClr was added 
to the loading medium and the same procedure was applied as 
for single Mg’+ loading. For Ca2+ loading of human 
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erythrocytes, 1.2 mM CaClz and for Ca2+ loading of rat and 
chicken erythrocytes, 0.2 mM CaCl2 was added. CaZC loading 
of rat and chicken erythrocytes in the presence of CaCl2 concen- 
trations higher than 0.2 mM caused hemolysis in part of the 
erythrocytes. 
Mg2+ and K+ efflux were measured by reincubating a 10% 
cell suspension at 37°C in Mg’+-free medium. For reincuba- 
tion, sucrose medium, NaCl or choline Cl medium (substitution 
of KC1 in KC1 medium by 140 mM NaCl or 140 mM choline Cl) 
were used. At the beginning of reincubation and after 30 mitt, 
0.5 ml aliquots of the cell suspension were centrifuged for 
1 min at 10000 x g. For Mg 2f determination, 100 ~1 superna- 
tant was diluted with 1 ml 10% TCA/0.175% LaCIs and Mg2+ 
was measured by atomic absorption spectrophotometry 
(Philips, SP9). K+ content in the supernatant was measured 
after addition of appropriate amounts of LiCl by flame 
photometry (KLiNa-Flame, Beckman). An aliquot of the super- 
natant was taken for determination of hemoglobin by means of 
the cyanohemoglobin method [l]. 
For measuring cellular MgZf and Ca2+ content, the cells were 
washed twice with 150 mM KC1 and hemolysed by adding 
750 ~1 H20. 50 ~1 of the hemolysate were taken for determina- 
tion of hemoglobin, the rest was deproteinized by addition of 
50 $1 75% TCA and centrifuged. Mg*+ and Ca*+ content was 
measured by atomic absorption spectrophotometry after dilu- 
tion with 10% TCA/O.175% LaClp. Cellular Mg2” content was 
taken to correct Mg2’ efflux for hemolysis. 
3. RESULTS AND DISCUSSION 
3.1. Human erythrocytes (table 1) 
Net Mg2+ efflux in sucrose, NaCl or choline Cl 
medium was independent of [Ca2’], (not shown). 
However, at increased [Ca2+]i, net Mg2+ efflux 
was increased in NaCl medium by 45% and in 
choline Cl medium by 67070, whereas the high net 
Mg2+ efflux in sucrose medium was not 
significantly reduced. 
Net K+ efflux was similarly affected by in- 
creased [Ca2+]i, although to a higher degree than 
Mg2+ efflux. Therefore, net K+ efflux in NaCl and 
choline Cl medium was increased 6 times by Ca2+ 
loading (Gardos effect). The high net K+ efflux in 
sucrose was significantly reduced by 38% in 
Table 1 
Net Mg2+ efflux and net K+ efflux from Mg’+-loaded human erythrocytes (in mmol/l 
cells x 30 min) 
Mg2+ efflux K+ efflux 
- Ca + Caa - Ca + Ca 
Sucrose mediumb 
0 0.89 f 0.08 0.78 * 0.06 32.0 f 2.5 19.7 * 1.4 
Quin 0.85 f 0.07 0.89 + 0.08 29.6 + 2.4 15.3 + 1.0* 
SITS 0.27 + 0.03*** 0.59 + 0.06* 8.4 f 1.0*** 11.8 + 0.7*** 
TFP 0.89 * 0.08 0.77 + 0.09 30.9 f 3.0 18.6 t 1.1 
NaCl medium 
guin 0.49 37+ 0.05 6 0.71 * + 0.07 10 3.13 40k * 0.52 7 19.8 1 f 0.5*** 1.3 
SITS 0.41 f 0.06 0.64 f 0.08 2.58 f 0.52 18.5 + 1.2 
TFP 0.49 f 0.06 0.64 + 0.10 3.22 + 0.51 19.4 f 1.1 
Choline Cl medium 
0 0.33 f 0.06 0.55 f 0.07 3.56 + 0.61 18.9 f 1.5 
Quin 0.29 f 0.05 0.61 f 0.06 3.17 + 0.31 11.9 f 0.8** 
SITS 0.26 f 0.05 0.57 f 0.07 2.57 f 0.41 17.7 f 0.8 
TFP 0.32 f 0.06 0.50 f 0.03 3.27 + 0.45 18.1 f 0.9 
’ Mg2+-loaded erythrocytes were additionally loaded with Ca2+ (+ Ca) 
b Reincubation of erythrocytes was performed either in sucrose, NaCl or choline Cl 
medium in the presence of 0.5 mM quinidine (Quin), 30pM SITS or 0.1 mM 
trifluoperazine (TFP) 
Mean f SE of 6 experiments. Significant differences to controls without inhibitor by 
unpaired Student’s f-test. * p <0.05; ** p < 0.01; *** p < 0.001. Mg2+ content of 
Mg2+-loaded cells amounted to 20.0 i 0.2 mmol/l cells for Ca2+-loaded cells and 
Ca2+-unloaded cells. Ca” content of human erythrocytes, additionally loaded with Ca2+ 
amounted to 1.61 * 0.19 mmol/l cells. Mean + SE of 6 experiments. The Ca2+ content 
of Ca’+-unloaded cells was not detectable 
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Ca2+-loaded cells. The Gardos effect is inhibited 
by quinidine [7,8]. Therefore, we tested the effect 
of quinidine on net K+ and Mg2+ efflux under our 
experimental conditions of Mg’+-loaded cells 
because the Gardos effect was reduced by increased 
[Mg”]i [9]. Table 1 shows that quinidine had no 
effect on K’ efflux in Cazf-unloaded cells, whereas 
in Ca2+-loaded cells, quinidine inhibited net Kf ef- 
flux in sucrose by 20% and in NaCl and choline Cl 
medium by 40%, indicating that the Gardos effect 
was operating under our conditions. 
The Gardos-like increase of net Mg2+ efflux in 
NaCl and choline Cl medium by increased [Ca2’]i 
was not inhibited by quinidine. This result shows 
that the [Ca2+]i-increased net K” efflux and net 
Mg2+ efflux either exhibit different sensitivity to 
quinidine or that both efflux systems operate by 
different mechanisms. The latter assumption is 
more probable because the K+ efflux system, 
which is operating in the Gardos effect of human 
erythrocytes, is rather specific, transporting only 
K+ and Rb+ and being inactive with Na+, Li+ and 
Cs+ [9]. The assumption that K+ and Mg2+ are 
transported by different pathways is also in agree- 
ment with the different inhibition of net Mg2+ ef- 
flux and net K+ efflux by various amiloride 
derivatives (in preparation). 
Net K+ efflux from Mg2*-loaded, Ca2’- 
unloaded human erythrocytes was 10 times higher 
in sucrose than in NaCl or choline Cl medium. 
This result represents inhibition of net Kf efflux by 
increased [Cl-], and was already reported for 
human erythrocytes unloaded with Mg2+ [ 101. 
The analogous effect holds for net Mg2+ efflux. 
As discussed in a previous paper [4] this effect may 
be caused by the inhibition of net Cl- efflux, which 
is necessary for charge compensation of net Mg2+ 
efflux, due to increased [Cl-],. 
The high net K+ efflux in sucrose (32 mmol/l 
cells x 30 min) was reduced by Ca2+ loading (to 
19 mmol/l cells x 30 min); whereas the low net K+ 
efflux in NaCl and choline Cl medium (3 mmol/l 
cells x 30 min) was increased by Ca2’ loading to 
the same value as in sucrose medium (19 mmol/l 
cells x 30 min). From this result it can be con- 
cluded that Ca2+ loading may overcome the in- 
hibitory effect of high [Cl-], on net K+ (and Mg2+) 
efflux, offering an explanation for the Gardos 
effect. 
The high net K+ efflux in low Cl- medium was 
inhibited by DIDS [lo], whereas the low net K+ ef- 
flux in high Cl- medium was not inhibited by 
DIDS [lo]. Under our conditions of Mg2+-loaded 
cells, net K+ efflux was drastically inhibited by 
SITS when the cells were incubated in sucrose (low 
Cl-) medium, whereas at high [Cl-], (NaCl, 
choline Cl medium) there was only a small inhibi- 
tion of K+ efflux by SITS. 
Net Mg ‘+ efflux was inhibited by SITS in the 
same way as net K+ efflux. From the identical in- 
hibition of net K+ and Mg2+ efflux it can be con- 
cluded that the inhibition of net K+ efflux and 
Mg2+ efflux may be due to the primary inhibition 
of net Cl- efflux by SITS. However, it was also 
suggested that in low Cl- media, the anion selec- 
tivity of capnophorin was decreased so that it 
could act as a low-conductivity channel for cat- 
ions, thus increasing net cation efflux [lo]. 
The strong inhibition of net K+ and Mg2+ efflux 
in low Cl- (sucrose) medium by SITS was reduced 
in Ca2+-loaded human erythrocytes. This result 
may be explained by the assumption that a part of 
the SITS-sensitive net Cl- efflux was changed to 
SITS-insensitive net Cl- efflux by high [Ca2+]i. 
The effects of increased [Ca2’]i on net K+ efflux 
Table 2 
Net Mg2+ efflux and net K+ efflux from Mg’.+-loaded rat 
erythrocytes (in mmol/l cells x 30 min) 
Mg2+ efflux K+ efflux 
Sucrose medium 
&in 
1.55 + 0.07 33.2 f 2.0 
1.05 f 0.09** 29.1 f 1.6 
SITS 0.89 + 0.09*** 21.3 f 1.6*** 
TFP 1.37 + 0.08 33.0 f 1.8 
NaCl medium 
0 9.45 + 0.38 3.96 + 0.24 
Quin 3.05 + 0.18*** 3.17 + 0.17; 
SITS 9.06 + 0.47 2.35 f 0.42** 
TFP 8.93 + 0.52 2.10 f 0.08*** 
Choline Cl medium 
0 0.55 f 0.05 4.83 f 0.32 
Quin 0.31 f 0.05** 3.83 f 0.24* 
SITS 0.46 + 0.02 4.34 f 0.33 
TFP 0.46 f 0.04 4.45 k 0.28 
Reincubation was performed as indicated in table 1. Mean f SE 
of 6 experiments. Significant differences to controls without 
inhibitor by unpaired Student’s t-test. * p < 0.05; ** p < 0.01; 
*** P < 0.001. Mg2+ content of Mg2+-loaded rat erythrocytes 
amounted to 20.3 f 0.8 mmol/l cells. Mean f SE of 6 
experiments 
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and net Mg2+ efflux were not inhibited by TFP, 
which was also ineffective in Cazf-unloaded cells. 
Therefore, the effects of increased [Ca”]i were in- 
dependent of calmodulin. 
Na+-dependent net Mg2+ efflux from 
Mg’+-loaded human erythrocytes was determined 
from the difference of net Mg2+ efflux in NaCl and 
KC1 medium [l 1,121. From table 1 it can be 
calculated that the difference of net Mg2+ efflux in 
NaCl and choline Cl medium amounted to 
0.16 mmol/l cells x 30 min. This value was iden- 
tical for Ca2+-loaded and Ca2+-unloaded cells. 
This result shows that Na+-dependent et Mg2+ ef- 
flux was not affected by [Ca2+]i. 
3.2. Rat erythrocytes (table 2) 
Net Mg2+ efflux from Mg2+-loaded rat 
erythrocytes in sucrose and choline Cl medium was 
nearly twice that of human erythrocytes. Inhibi- 
tion of Mg2+ efflux by SITS in these two media 
was similar to that of human erythrocytes. 
However, in contrast to human erythrocytes, net 
Mg2+ efflux from rat erythrocytes reincubated in 
sucrose and choline Cl medium was significantly 
inhibited by quinidine. 
The most striking result was the very high rate of 
net Mg2+ efflux from rat erythrocytes incubated in 
NaCl medium, which was drastically inhibited by 
quinidine. In rat erythrocytes, Na+-dependent net 
Mg2+ efflux amounted to 8.9 mmol/l cells x 
30 min (NaCl minus choline Cl medium) and was 
thus 55 times higher than in human erythrocytes 
(table 1) and 5.6 times higher than in chicken 
erythrocytes (table 3). 
After additional Ca2’ loading of rat 
erythrocytes, no significant alterations in net Mg2+ 
efflux were found (not shown). Under our ex- 
perimental conditions intracellular Ca2+ was only 
slightly increased in rat erythrocytes. Rat 
erythrocytes probably have an effective Ca2+ 
pump which prevents Ca2+ loading under our ex- 
perimental conditions. This may also be the reason 
why we did not find the Gardos effect in rat 
erythrocytes (not shown). 
Table 3 
Net Mg2+ efflux and net Kf efflux from Mg ‘+-loaded chicken erythrocytes (in mmol/l 
cells x 30 min) 
Mg’+ efflux K+ efflux 
- Ca + Ca” -Ca + Ca 
Sucrose medium 
0 0.37 f 0.06 1.14 + 0.05 12.4 f 1.0 11.8 + 0.8 
Quin 0.35 f 0.08 1.23 f 0.05 11.4 + 1.0 11.5 f 1.3 
SITS 0.25 f 0.04 1.09 f 0.05 5.8 f 0.6*** 8.9 f 0.9* 
TFP 0.35 f 0.08 1.24 f 0.04 12.3 f 0.9 12.1 f 1.2 
NaCl medium 
0 1.80 + 0.07 1.73 + 0.19 4.75 + 0.57 3.35 f 0.73 
Quin 0.55 * 0.05*** 0.99 f 0.15** 3.58 f 0.28 3.26 f 0.86 
SITS 1.79 f 0.12 1.70 f 0.20 4.19 zt 0.68 3.08 it 0.52 
TFP 1.79 f 0.07 1.73 * 0.22 4.14 + 0.48 3.37 + 0.82 
Choline Cl medium 
0 0.23 f 0.05 0.97 f 0.21 3.68 f 0.39 3.66 + 0.67 
Quin 0.23 f 0.06 1.06 + 0.16 3.54 + 0.37 3.44 & 0.78 
SITS 0.22 f 0.07 1.11 f 0.30 3.51 f 0.38 3.44 f 0.80 
TFP 0.22 + 0.04 0.91 f 0.19 3.72 f 0.51 4.00 f 0.65 
a Mg’+-loaded erythrocytes were additionally loaded with Ca2’ (+ Ca) 
Reincubation was performed as indicated in table 1. Mean + SE of 6 experiments. 
Significant differences to controls without inhibitor by unpaired Student’s t-test. * p < 
0.05; **p < 0.01; ***p < 0.001. Mgzc content of Mg*+-loaded chicken erythrocytes 
amounted to 17.4 * 6.6 mmol/l cells. Ca” content of Ca’+-loaded chicken erythrocytes 
amounted to 0.46 + 0.12 mmol/l cells. Mean f SE of 6 experiments. The Ca2+ content 
of Ca2+-unloaded, Mg’+-loaded cells was not detectable 
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Net K+ efflux in rat erythrocytes was similar to 
net K+ efflux in human erythrocytes. For unknown 
reasons, SITS inhibition of Kf efflux from rat 
erythrocytes in sucrose was much smaller than 
SITS inhibition of K+ efflux from human 
erythrocytes incubated in sucrose. 
3.3. Chicken erythrocytes (table 3) 
Contrary to human erythrocytes, the major part 
of net Mg2+ efflux was Na+ dependent and in- 
hibited by quinidine. Naf-dependent net Mg2+ ef- 
flux (NaCI minus choline Cl medium) amounted to 
1.57 mmol/l cells and was 10 times higher than in 
human erythrocytes. 
Net Mg2+ efflux in sucrose and choline Cl 
medium was small. Ca2+ loading increased net 
Mg2+ efflux from Mg2+-loaded chicken 
erythrocytes incubated in sucrose and choline Cl 
medium but had no effect on net Mg2+ efflux in 
NaCl medium. Mg2+ efflux from Ca2+-loaded cells 
was not inhibited by SITS. 
K+ efflux from chicken erythrocytes was smaller 
than from human or rat erythrocytes. K+ efflux 
from chicken erythrocytes was also inhibited by 
SITS and extracellular Cl-, similar to net K+ efflux 
from human erythrocytes. However, Ca2+-loaded 
chicken erythrocytes did not express the Gardos 
effect. 
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